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The object of this invest! ,ntlon was to determine 
tha size of individual contnot® in eliding friction by 
electronically measuring the duration of individual con- 
tacts. To accomplish this* a fine insulated tungsten 
wire and three heavier tungsten vires were imbedded in a 
glass probe which was ground so that the ends of the 
tungsten vires were exposed and formed a plane. A plane 
surface of 10^3 steel was rotated beneath, and supported 
the probe which was held stationary by a pivoted rider 
arm. The duration of contacts between the fine insulated 
tungsten wire and, the steel plat© was measured 

electronically by a Lenborn rocoraer. 

Calculations showed that the disaster of the aver- 
age contact area occuring in eliding friction has^an 
order of aa fc n itude between 2 x lif^c® and 6 x 10“ *c®. 
host of the contact areas have uiasnetera much smaller 
than the diameter of the average contact area. The size 
distribution of the contact areas is such that the log 
of the number of contacts bears a linear relationship to 
the log of the average area for intervals of equal area. 

Further investigation is required to determine the 
effect of contact deformation, relative velocity, sur- 
face finish and loadin'? on the size of individual contact 
in sliding friction. 
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I . IHTRO JU'JTIOH 



Traditionally, tfte most eatisf actor/ method for 
treating the subject of friction has been by the use of 
experimentally determined coefficients. 

In expressions like the following one for total 
shear force 

>• * r a 

neither 7" nor A Is known with precision. 7" in fact, nay 
vary considerably front one individual metallic contact 
to another. Thus A is really nothin® more than a fic- 
ticious apparent area which may or ony not be the same 
as the true area of contact. In handling most practical 
situations, it is not necessary tc know these quantities 
exactly, however, if the mechanism of friction is to be 
more completely explained, it seems reasonable to suppose 
tfcat a fc reat deal more Information concerning the si 20 
and distribution of the individual metallic contacts must 
bo obtained. 

Several methods for investigating the true area of 
contact between metallic surfaces have bean devised, 

Kols^ estimated the true contact area by the 
measurement of electrical resistance. There are some 
rather severe restrictions which limit the validity of 
this approach, the unpredictable constriction effect upon 
the accuracy of the resistance measurement# as a true in- 
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dicatlon of the area In contact and the effect of oxide 
f lira to name but tvo. at beat this gives only a rough 
Indication of the true over all contact area. It is im- 
possible to interpret the results in terras of the In- 
dividual contacts. 

Dyson and rilrst^) were able to draw several inter- 
esting conclusions from their work. 

a) surface finish affeota the distribution of the 
arena of contact. 

b) An increase in the loading increases the number 
of the groups of individual contacts but not 
their si?©. The size of the groups was esti- 
mated as about .2 m» for the pattern produced 
by pressing a silver steel plate against a sil- 
ver coated piece of glass. 

c) Only a very small pert of the metallic surface 
is in contact. 

Here again, the method is not suitable for the 
determination of the individual contact areas. *»lso it 
gives a representation of the static picture only and tie 
decree to which this can be taken a«s an Indication of the 
dynamic picture Is not known. 

I-Hlng reng(^) has studied the surface charaotcx’- 
iatice of csetale and reports tho ditaonslons of the scratches 
produced by diamond dust (0 to . p micron) to be of the 
order of .01 to .Op microns, one micron « US-^eis. 
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h. hablnovicx has proposed three interesting though 
somewhat indirect methods for estimating the average dia- 
meter of the individual contacts. 

1. As part of bl3 investigation of the static and 

Kinetic coefficients of friction, fiabinowics^ 
predicts an average contact diameter of about 
7 x for copper on steel. 

2. R&binowicz and Tabor ^ 3) estimate the average 
weight of transfer particles produced by the 
sliding motion between metallic surfaces to be 
about 10**® grams. By assuming a simple hemi- 
spherical model, littbinowio*^^ computed an 
average diameter of about 17 x lO"^oa for the 
individual contacts. 

The most recent method ueed. by habinovlca^ to 
predict the average diameter of the individual 
contact area coiaoe a® the result oX" the appli- 
cation of the auto-correlation analysis of 
sliding friction. The diameter obtained by tills 
method ie in the order of 10“-' cm. 

The work of this present investigation represents 
an attempt to determine the magnitude of the average con- 
tact diameter in a much wore direct manner. The time that 
a very fine tungsten wire imbedded in glass (Kig. *») re- 
mains in contact with the surface imperfections as it 
moves relative to the face of a steel elate may be re- 
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corded electronically by a anborn recorder. The problem 
which remains la essentially that of relating this 
measured contact duration to the individual area of con- 
tact. 
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II. I CC-..MJ .. 

T he apparatus used to determine the else of In- 
dividual contact areas in eliding friction Is shown in 
Slguree 1, 2, and 3* figure 1 1* an overall view of the 
experimental set up. s-’i ,ure 3 is a closer side view of 
the inverted drill press. Figure } is a close up showing 
in detail the mounting of the glass probe and steel piste. 

A variable speed gear crive is used, to turn the 
spindle of the inverted drill press. The flat plate 
specimen of 104^ steel is secured to a circular mount- 
ing block which Is held in the drill chuck. The steel 
pl&te rotates beneath and supports the glass probe con- 
taining a fine tungsten contact wire. The glass probe 
is held stationary by a rider arm mounted on a platform 
which Is clamped to the drill column. The rider am 
is piveted about a horizontal axis and balanced to per- 
mit the application of any desired total load. The 
steel, plate is insulated from the mounting block and con- 
nected by wire to one side of a resistance bridge. The 
fine tungsten contact wire in. the glass probe is con- 
nected to the other side of the bridge. The resistance 
bridge le connected to the ^anborn recorder so that con- 
tact between the steal plate and the tungsten contact 
wire can be recorded on tape . 

Trio steel pl&te was rotated at speeds ranging 
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from .Olp to .0^5 K?K. Thsso low spe:ds ver® obtained 
by using a bait drive pulley system in conjunction with 
the variable speed gear drive. The lowest steady ro- 
tational speed which could be maintained by the variable 
speed jp.ear drive with tns pulley coiabination used was 
.olp ni-M. The highest speed of rotation which still per- 
mitted distinguishing between the traces of individual 
contacts was about .upp nii*. Speed of rotation was 
measured by counting the circumferential distance which* 
the rotating circular mounting block: traveled with re- 
spect to & fixed pointer during one minute, yivitiin*; 
this circumferential distance by the total circumference 
of the circular mounting block gave the speed of rotation 
in W» h, 

A sketoh of the glass probe is shown in Figure 4-. 

The three relatively large diameter tungsten wires were 
undercut sufficiently to permit the fine tungsten contact 
wire to act as a high spot on that plane. Attaining the 
proper amount of undercutting to obtain intermit tan t con- 
tact between the tungsten contact wire and the steel plate 
was a trial px'ocees which took considerable time and 
patience. Two representative tape ti'accs which show inter- 
mittent contact are given in figure p. For both traces the 
arrow® beneath the traces point out the start of contact 
sod the arrows above the traces point out the end of con- 
tact. The duration of & single contact is croportlcnal to 
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the tape distance between the lineo of notion of any one 
lower arrow and the first upper arrow to the right of 
that lower arrow. 

•hile measuring the size of individual contact# 
in sliding friction, it was decided to attempt to de- 
termine the affect of three variables: 

1. Surface finish 

2. Relative velocity (speed of rotation) 

Load 

To do this three seta of data vers taken. ,aoh set con- 
sisted of taking from five to seven tape rocordin s for 
a oiven surface finish, a given speed of rotation, and 
a ron^e of loads (on© tape for each load), for the first 
two seta of data the sited plate was finished with 2/0 
emery paper, for the third set of data the stosl plate 
was finished with #1 eicery paper. In all cases the 
probe was undercut and finished with 2/0 emery paper. 

The first two sets of data were t&hen at the maximum dif- 
ference in the speeds of rotation. The tabulated d&ta 
for each of the 1'/ tape recordings is given in Appendix U. 

In order to analyze the recorded data the follow- 
ing assumptions vers made: 

1. There is a single high spot on the probe con- 
tact wire. 

2. "he high spots on the steel ^Iste and the high 
spot on the probe contact wire have euherical 
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surfaces with the same radlue of ourvature. 



3. The effect of the Halted Bixe of the probe 
contact wire high spot la ne^lidble. 

4 . The effect of the deformation of the two high 
apote during their mutual Groo®in;fj; Is negli- 
gible. 

Hth these assumptions it follows that during the cross- 
ing the maximum area In contact is circular with a dia- 
meter equal to one half of the tape contact distance 
times the crossing speed divided by tnc tap® speed. 

That is: 



Contact diameter 



1 tase distance ) ( crossing speed) / , j 
P.( tape speed) 



Therefore, we have defined contact area as the m&xioua 
area in contact between two hifjh spots during their 
mutual crossing. 

The average of the contact diemeters for each 
tape was computed by dividing the bus of the tape dis- 
tance by the number of oon tacts and converting to con- 
tact diameter by equation {1). 

Tne diameter of the average oontt ot area for each 
tape was* calculated using a statistical .-Method to obtain 
the average taps distance squared and then, after taxing 
the square root, converting, to contact diameter by using 
equation (1). 
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The statistical sietnoo can oest be explained by 
referring to Tabic XXI. Twenty evenly spaced interv£.l» 
of tape distance squared were used, In addition, the 
first interval was further broken down into ten evenly 
spaced intervals of cist&noe squared. This additional 
breakdown was usod to detorssln® a 'aore accurate mean 
value of tape distance squared for the first Interval. 

The mean value of tape distance squared for all other in- 
tervals is defined as the average of the extreme tape 
distances squared for that Interval. For »11 tapes the 
spacing of the intervals was such that the mean value of 
the tape distance squared for any one interval repre- 
sented the saroe contact area for all tapee. iach of the 
few contact durations which did not fall within the 
twenty intervals was used as though it was the mean value 
of an interval containing that one contact duration. 
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III. RESULTS 



The results of this Investigation are given in 
Tables I anti XX an5 In Figures 6, 7» and S. The average 
disaster of the contact areas for each tape ran* ed fro® 

1.16 x 10“^c® to 3 * 77 x lCT^cra. ?h« diameter of the 
average area ranged frora 1.93 * 10“ ,4 oia to 9.90 x lCT^c®. 

Figure 6 shows the effect of relative velocity, 
loading, an surface finish on the average diameter of 
the contacts and on the diameter of the average contact 
area. The effect of these three variables is the same on 
both these diameters. Decreasing relative velocity de- 
creases thee© diameters. increasing loading with the 2/0 
surface finish decreases these diaaetei*s. Tne coarser 
t/1 surface finish tends to nwuie the size of these diameters 
independent of loading. 

The total number of contacts tabulated in Tables ll 
through XIX is 5 , 169 . Table XX shows that for these total 
contacts 

2,^93 &»ve individual contact areas loss than 2<)2 x 10~' cra^ 

2,524 have Individual contact areas less than 14.6 x 10“®cra 2 

1,55® have individual contact art? as less than 1.46 x ltf^om^ 

This means tJrnt Bo% of tho contact© have diameters less 

than 4.5 x 10“ 4 cm, and about 5<jf of the contact* have dia- 

. }* 

metsre less than 1.4 x lu era. This size distribution of 
contact are&s is given in Figures 7 and S. These plote 
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show that a straight line relationship exists between the 
I©** of the number of contacts and the log or the average 
area for Intervals of equal area. 
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IV. DISCv-luIOH Of KJlSIiLT* 



The accuracy of the diameter calculations depends 
primarily upon the relation between the measured contact 
duration and the contact area, equation (1) is exact, and 
therefore tne calculated diameters are correct, provided 
that the assumptions given in the procedure are exact. 
Therefore, each assumption will bo examined to determine 
its validity. 

assumption 1: There is a single hi gh soot on the 
probe contact wi re, ah attempt was made to insure the 
exactness of this assumption by making the exposed ond of 
contact wire as small aa possiole. The exposed ond of the 
probe contact wire was an ellipse with the following meas- 
urements: 

it. 

major axis » $.2 x 10 era 
minor axis = 4.) x 10”^cro 

This shows that the mean diameter ol the exposed end of 
the probe contact wire is of the a&ae order of magnitude 
as the diameter of the average contact area. Therefore, 
it is improbable that there Is sore than one high spot on 
the probe contact wire. Hence we can say that assumption 
1 is probably exact, 

Assumption 2: The high snots on the steel rlate and 
the high spot on the probe contact wire have spherical sur- 



faces with the aaree radius of curvature. Kost previous 
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lnve#tif atora have used either hemispherical models or 
circular asouela for their investigation of contact area 
sites. Therefore, it is felt that the aueuaption of 
spherical surfaces is a valid one provided that the plate 
surface is properly finished. To mini sir,® the po aibillty 
of rid fe e shaped contact areae tha plats surface was fin- 
ished in two perpendicular directions. The effect of dif- 
ferences in tne radii of curvature of the mutually croBG- 
in t> high spots upon tae relation between contact duration 
and contact area will be negligible if the radii of cur- 
vature arc large. According to previous investigations 
the angle of rise of the high apotc is sufill. This means 
large radii of curvature of the spherical surfaces of the 
high Boots. Consequently the effect of differences in 
radii of curvature on the relations between contact dura- 
tion and contact area is negligible. Theoretically, while 
assumption 2 must be true for equation (1) to be exact, 
actually, the dli'f ercnces In radii of curvature have a, 
negligible effect on the calculated values of contact dis- 
asters. 

Assumption 35 The of X act of the limited size of the 
probe contact wire hiJn spot is negligible . The maximuss 
area in contact during a crossing is actually limited to 
the area of th« end of the probe contact wire. This area 
ie about 17*7 x lG~*Cffi^. Approximately 20,1 of the total 
number of the contacts have contact areas vrhlch are greater. 
Us are actually interested in ee&auring the contact area 
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which would exist if the size of the probe contact wire 
high s h ot was not limited. The fact that the contact 
wire size is so s all means that the larger 20' of dia- 
meters calculated using equation (1) would be smaller 
than the diameters that we are interested in calculating. 

The larger 20.1 of the contact durations add consider- 

i 

ably to the size of the calculated average diameter of 
contact and the calculated diameter of the average area. 
Therefore, the limited size of the probe probably has a 
significant effect on these two calculated averages. 

Ae sumption 4: The effect of the deformation of the 
two high spots during their mu t ual crossing is negligible . 
The hard tungsten prooe contact wire will resist deforam- 
tion. hence the deformation will be limited to the 104^ 
steel date. Limiting the deformation to one hi yh spot 
will i*educe the effect of deformation on contact durations. 
The effect of any deforuetion which does ta/« place will 
be to Increase the contact duration. This would cause the 
calculations to predict larger contact sizes then actually 
exist. Whether or not the effect of deformation on contact 
duration introduces significant error into the calculations 
is not known. 

In order better to evaluate the significance of the 
calculated sizes of the contacts it is recede ndeti that 
further investigation be made to determine the effect of the 
deformation of contacts on the contact durations. Neverthe- 
less we can say that equation (1} gives an. order of na^ni- 
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tude approximation of the contact diameter. Therefore, 
we oorrclu-e that: 

1. ffce aver* .0 of the diameters of individual 
contact areas has an order of magnitude be- 
tween 1. x lo' on and 4 x 10" ' + ca. 

2, The diameter of the average area of the in- 

dividual contact areas has an order of ttagni- 

k ' -4 

tuae between 2 x la oa and b x 10 cs. 

It is obvious from the scatter of the data plotted 
In Figure b that the exact effects of the relative veloc- 
ity, surface finish, and loading on th® six® of contact 
areas have not been determined. Therefore, it 1* recom- 
55 ended that further investigation be made to determine the 
effect of variables such as those on the size of contact 
areas. These plots do show general trends of the effects 
of relative velocity, surface finish, and loading on the 
size of contact areas. Thors fore, we conclude that: 

1. Increasing the relative velocity of the surfaces 
in contact probably increases the six® of in- 
dividual contact in eliding friction. 

2. Increasing th# loading probably decreases the 
size of individual contacts in sliding friction 
for surfaces finished with 2/0 emery paper. 

3 . Increasing the roughness of the surface finish 
probably tends to eliminate the effect of load- 
ing on the size of individual contact in eliding 
friction. 
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Figures 7 and S ahov the size distribution of con- 
tact areas. The solid line in Figure "? Ib & plot of the 
number of contacts in each of twenty even area intervals 
versus the mean area of each interval. In the intervals 
■which contain largo area contact© the ratio of the aean 
ax*ea of the interval to the average diameter of the inter- 
val is relatively close to unity. In the intervals which 
contain the small area contacts the ratio nay be each 
greeter than unity. Therefore, the solid line in Figure 
7 is not & true representation of the size distribution 
of contact areas since the mean areas plotted for the in- 
tervals containing the small contact areas are considerably 
larger than the average area of the contacts in those in- 
tervals. Ihe avei'Sge area of the first of tho twenty In- 
tervals was calculated by breaking that interval into ten 
evenly spaced area intervale nd statistically computing 
the average area for the first Interval. This results in 
the plotted point indicated by the arrow in Figure 7* 

Cine® the ratio of scan area to average contact area ap- 
proaches unity as the intervals containing the larger con- 
tact areas are approached, it is postulated that the re- 
sult of plotting the number of contacts in each interval 
versus the average contact area for each interval would be 
the dashed line in Figure 7» This postulation is cor- 
roborated by the plot of the size distribution of the 
contact areas in the first interval which is given in 
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Figure S. The slope of the straight lino plot in Figure 
8 ies equal to the slope of the dashed line plot in Fig- 
ure 7. The mean area was used as the basis for this plot. 
However, since the area intervals are mucn smaller in 
this csee, the ratio of mean area to average contact area 
for all intervals will bo such closer to unity. There- 
fore, the plot given in Figure 8 is a good representation 
of the size distribution of contact areas. 

V»e conclude that the distribution of contact areas 
is such that the log of the number of contacts bears a 
straight line relationship to the log of the average area 
for intervals of equal areas. Table XX show® the contact 
area distribution for all tapes. From Table XX we con- 
clude that: 

1. About &Q% of the oontact areas have diameters 
lose than 4.3 x ICT^cjs. 

2. About 50,< of the contact areas have diameters 
less than 1.4 x lcT^cm. 

It is recommended that further statistical analysis of the 
tabulated data should be made for the pur pose of explain- 
ing the Biz* distribution of the contact areas. 
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V. CQhCUJSIOHfl 

1. The average of the diameters of individual con- 
tact. areas has en order of magnitude between 1 x 10“ 
and 4 x 10“ 'ca. 

2* The diameter of the average area of the indi- 
vidual contact areas has an order of magnitude between 
2 x 10“ f cm and 6 x 10"^cm. 

3. Increasing the relative velocity of the surfaces 
in contact probably increases the sice of Individual con- 
tacts in sliding friction. 

4. Incrocsing the loading probably decreases the 
size of individual contacts in sliding friction for sur’- 
faoee finished with 2/U emery paper. 

p. Increasing the roughness of the surface finish 
probably tends to eliminate the effect of loading on the 
size of individual contacts In eliding friction. 

6. The distribution of contact areas la auch that 
the log of the number of contacts bears a stral»,ht line 
relationship to tne log of the average area for intervals 
of equal area. 

7. About 8oC of the contact areas hove diameters 
less than 4.3 x 10“ -cm. 

8. About 50 a of the contact aren3 have diameter® 
less tnan 1.4 x lu“-'cm. 
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tfl. hi Ou'Cv-tfvATlOMS. 



1. further investigation should be male to deter- 
mine the effect of the deformation of cont'cte on the con- 
tact durations. 

2. further investigation should be made to de ter- 
rains the effeot of variables such as relative velocity, 
surface finish, and loading on the else of individual 
contacts in eliding friction. 

Further statistical analysis of the tabulated 
data should be made for the purpose of explaining the 
site distribution of tin contact areas. 
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Side View of Wear Machine 
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Avera v c diameter of the contact 



areas for Tapes 8 



The data for Tape 8 is given in Tables 1 and 9 



ZN s total number of contacts » 353 
Zd = sum of all contact tape distances = 3 * 060 . 5 sirs 
d • average contact tape distance 
• • Z */Z4 * 3 ,Oo 0.5/353 * &.o75** 

Tape speed = lOuro/sec. 

Crossing speed = rto 

where : r ” distance f ro;a Centex* of rotation of the 



Crossing speed ® (1.2 x ( 24/441) (tf/©G) * . oSb&atf/aec. 

d$ a average diameter of tho contact areas 



slider to the probe contact wire in mm 



angular velocity of the slider in 
radlans/eec. 



'\j - S r( crossing speed) 
2 x(tape speed) 
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Diameter of the average contact «r«a for Tape S 



ihe statistical analysis of the data for Tap® S 
is fclvori in 'fable XX. 



K a number of contacts in one Interval 

U 2 the square root of the average of the squares of the 
two extreme tape distances for one interval 
“ * trie square root of the average of tn» nqu&res of all 
the tape distances 
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